A subpopulation of pain fibers are activated by capsaicin, the ingredient in red peppers that produces a burning sensation when eaten or placed on skin. Previous studies on dorsal root ganglion neurons indicated that capsaicin activates sensory nerves via a single slowly activating and inactivating inward current. In rat trigeminal neurons, we identified a second capsaicin-activated inward current. This current can be distinguished from the slow one in that it rapidly activates and inactivates, requires Ca2+ for activation, and is insensitive to the potent capsaicin agonist resiniferatoxin. The rapid current, like the slower one, is inhibited by ruthenium red and capsazepine. The two capsaicin-activated inward currents share many similarities with the two inward currents activated by lowering the pH to 6.0. These similarities include kinetics, reversal potentials, responses to Ca2+, and inhibition by ruthenium red and capsazepine. These results suggest that acidic stimuli may be an endogenous activator of capsaicingated currents and therefore may rationalize why pain is produced when the plasma acidity is increased, as occurs during ischemia and inflammation.
Capsaicin is eaten daily by over a third of the world's population (1) and produces its pungent taste sensation when it binds to receptors on a subset of nociceptors and warm thermoreceptors (2) (3) (4) (5) (6) (7) (8) . Upon prolonged application, it blocks nerve fiber conduction and depletes peptides from nerve terminals, which accounts for its clinical use as an analgesic and anti-inflammatory agent (9, 10) . Capsaicin is thought to produce these effects by activating a single type of cationselective ion channel present in a subset of nociceptive fibers (3) .
In the process of investigating the responses of trigeminal ganglion cells to chemical stimuli (11, 12) , we found that capsaicin also activates a current with characteristics quite distinct from the one previously described. The two currents activated by capsaicin exhibit many similarities with the two currents activated by acidic stimuli, suggesting that acid may be an endogenous activator of these capsaicin-activated currents.
MATERIALS AND METHODS
Rat trigeminal cells were cultured and whole-cell currents were recorded by conventional culturing (13) and patchclamp (14) (12) .
RESULTS
In rat trigeminal neurons held at -60 mV and bathed in modified KH buffer, 0.25 ,uM capsaicin activated two inward currents ( Fig. 1 ). This concentration was chosen because it is near the value of the dissociation constant for capsaicin in a variety of tissues (8) . Approximately half the cells tested (57.3%; n = 131) were activated by 0.25 puM capsaicin, but different cells displayed different ratios and magnitudes of these two currents (see Figs. 1-5 ). The early current (RI-C) activated rapidly with a mean time to peak (ap) and mean inactivation time constant (X) of 1.7 and 3.0 s, respectively. In contrast, the later current (SI-C), which has been described (5, 15) , activated and inactivated more slowly with its Abbreviations: DRG, dorsal root ganglion; RTX, resiniferatoxin; RR, ruthenium red; RI-C, rapidly inactivating capsaicin current; SI-C, slowly inactivating capsaicin current; RI-H, rapidly inactivating acid current; SI-H, slowly inactivating acid current. 1C) .
In dorsal root ganglion cells (DRGs), it was shown that the SI-C current is permeable to Na+, K+, and Ca2+ and has a reversal potential near 0 mV (5, 16) . In trigeminal ganglion neurons, both the RI-C and the SI-C currents also have reversal potentials that ranged between +10 and 0 mV and between -10 and 0 mV, respectively (n = 8) (Fig. 2) . This suggests that they are also permeable to Na+, K+, and possibly Ca2+ (see below).
Capsaicin-induced fluxes and currents have been shown to be inhibited noncompetitively by ruthenium red (RR) and competitively by the capsaicin analogue capsazepine (15, 17, 18) . Although RR also inhibits a variety of calcium channel currents (19) , capsazepine appears to be a specific inhibitor of capsaicin-activated currents (15) . In rat trigeminal ganglion neurons, both 1 ,uM RR and 10 ,uM capsazepine reversibly inhibited both the capsaicin (0.25 ,uM)-activated currents (Fig. 3) . RR inhibited 75.3% + 27% and >95% (n = 4) ofRI-C and SI-C currents, respectively, whereas capsazepine inhibited both the capsaicin-activated currents by >95% (n = 7).
In contrast to capsazepine, which is a capsaicin analogue and antagonist, RTX is an ultrapotent capsaicin analogue and agonist (Kd = 0.27 nM) that mimics most (20) (20) . In trigeminal ganglion neurons, which showed both types of capsaicin-activated currents, 2.5 nM RTX (10 cells) and 100 nM RTX (5 cells) did not activate the RI-C current. Rather, RTX activated only an inward current, having the same time to peak as the SI-C current, but it remained activated for much longer (Fig. 4A) , which could reflect the very hydrophobic character of RTX. The RTXinduced current was not reversible, even after prolonged washing (up to 30 min) with KH buffer. To further demonstrate that the two capsaicin-induced currents are distinct, a trigeminal ganglion cell that elicited both the RI-C and the SI-C currents was then washed to remove capsaicin and exposed to 2.5 nM RTX. After the RTX-induced current became relatively constant, 0.25 uM capsaicin was added to the bathing solution and the RI-C current was again activated (Fig. 4B) .
The different physiological responses seen between capsaicin and RTX (20) could be the consequence of the RI-C current and the longer activation time produced by RTX. The longer time of activation produced by RTX (Fig. 4A) (20) .
The association of acid with pain has long been recognized (22) and thus it is of interest to ascertain whether the currents elicited by capsaicin are associated with those elicited by acidic stimuli. Analyses of responses from primary afferent C fibers (23, 24) and cultured DRG cells (25) that were stimulated by acid and/or capsaicin suggested that protons may be an endogenous activator of the capsaicin-activated (SI-C) current. DRGs respond to acidic stimuli by activating two inward currents (25) : one that rapidly activates and inactivates (RI-H) and one that slowly activates and inactivates (SI-H).
To further explore the association between acid and capsaicin, we directly compared the responses to acid and capsaicin on trigeminal ganglion cells. Virtually all (24/25) of the cells tested that responded to 0.25 ,uM capsaicin also responded to acidic stimuli (pH 6) (Fig. 5A ). Under these specific conditions, the magnitude and kinetics of the RI-C and RI-H and SI-C and SI-H currents in the same cell have a similar appearance. In addition, cells have been identified in which both the RI-H and SI-H currents are completely inhibited by 1 uM RR and 10 ,uM capsazepine (data not shown). In this regard, physiological experiments on muscle revealed that RR inhibits peptide release induced by either low pH or capsaicin (26) and, in addition, capsazepine has been shown to inhibit capsaicin-and acid-induced bronchoconstriction and nasal irritation (27 selectivity changes to monovalent cations but still requires Ca2+ for activation (28) (29) (30) . The SI-H current is mainly produced by the influx of monovalent cations (25) . The RI-H and the SI-H currents have reversal potentials [range, -12 to +8 mV (25) ] and therefore are similar to those found for the capsaicin-activated currents (Fig. 2 ).
Since the RI-H current is a modified Ca2+ channel, we investigated whether standard Ca2+ blockers would inhibit the capsaicin-induced currents. Antagonists of voltage-gated Ca2+ channels such as nifedipine (10 ,uM; L-type), diltiazem (1 mM; T-type), and verapamil (100 ,uM; N-type) (31) did not significantly inhibit either the RI-C (data not shown) or the RI-H current (28) . These antagonists did not inhibit the SI-C current in DRGs (18, 32) or rat trigeminal ganglion cells (data not shown).
To determine whether there are still other similarities between the currents elicited by capsaicin and acid, we investigated the effects of removing Ca2+ from the extracellular solution. In physiological studies, it was found that reducing extracellular Ca2+ prevents peptide release induced by acid and/or capsaicin but does not prevent the excitation of nociceptive fibers by these stimuli (26, 33) . Decreasing the extracellular Ca2+ by adding 10 mM EGTA, which greatly decreases the free concentrations of both Ca2+ and Mg2+, or by substituting 2 mM CaCl2 with isotonic glucose (which reduces Ca2+ but not Mg2+), eliminated (>95%; n = 9) the RI-C current (Fig. 5B ) and >90% (n = 6) of the RI-H current (Fig. SC) . The similarities of the RI-C and RI-H currents in regard to their kinetic responses, selectivity for Ca2+ over Mg2+, reversal potentials, and inhibition by RR and capsazepine suggest that the same current pathway may be activated by acid and capsaicin.
Preliminary experiments indicate that the RI-C current is permeable to Ca2 . Upon replacing the Na+ in the extracellular KH solution by the large impermeant cation N-methyl-D-glucamine (but with 2.0 mM CaCl2 still present), the RI-C current was inhibited 72% (n = 7) as compared to >95% in the absence of extracellular Ca2+.
It is well established that the SI-C currents in DRGs are permeable to Ca2+ (5, 18) and the same appears true for the SI-C current in trigeminal ganglia. That is, only 16.2% ± 9.9% (n = 6) of the SI-C current was inhibited after reducing Ca2+ (with EGTA). In contrast, two diametrically opposite responses were obtained for the SI-H current after reducing extracellular Ca2 . In 4/6 cells, the SI-H current was inhibited >90% (Fig. SC) , whereas in 2/6 cells it was not inhibited at all. The relationship between Ca2+ and its ability to activate the SI-H current clearly requires additional investigation.
In summary, a capsaicin-activated, inward current was identified in rat trigeminal ganglion neurons. These data suggest that this rapid current is also activated by acidic stimuli. The slower capsaicin and RTX-activated currents involve action potential generation, since this property can be produced even in the absence ofextracellular Ca2+. Although the physiological significance for the rapid capsaicinactivated current remains to be determined, one possibility is that it might be involved in peptide release, since neither it nor peptide release is activated in the absence of Ca2+. The finding that there may be subtypes of capsaicin receptors suggests that non-narcotic analgesic and anti-inflammatory drugs can be designed to inhibit pain or the release of specific neuromodulators.
